Introduction
============

In daily life, people are required to estimate the duration of both external and internal events in order to anticipate significant changes and adapt their actions accordingly. Thus, time estimation plays an important role in adaptation to the environment. A number of factors can influence, time estimation, such as the size of the duration to be evaluated and the task used to elicit the duration judgment.^[@ref1],[@ref2]^

Time estimation in the millisecond range is considered to be automatic and associated with the motor system, whereas time estimation in the second-to-minute range is considered to be controlled by cognition.^[@ref3],[@ref4]^ As our interest is in the relationships between time estimation and cognition, we will focus this review on the longer duration range.

Studies of timing in the second-to-minute range have been influenced by the prominent Scalar Timing Theory.^[@ref5],[@ref6]^ According to this theoretical model, temporal judgments are based on three information-processing stages: the clock stage, the memory stage, and the decision stage. The first stage is the clock stage, which refers to a pacemaker emitting pulses at a mean constant rate. These pulses are gated by a switch into an accumulator when the signal duration is being processed. Duration judgments depend on the pulse number, which increases as time elapses. The content of the accumulator, corresponding to the current time, is transferred and stored in a working memory system. The decision results in a comparison between the content of working memory and the content of reference memory. This long-term memory system is able to store representations of several number of pulses accumulated in past trials *([Figure 1](#DialoguesClinNeurosci-14-425-g001){ref-type="fig"})*.

![Scalar timing theory. Reproduced from ref 6: Gibbon J, Church RM, Meck WH. Scalar timing in memory. *Ann N Y Acad Sci.* 1984;423:52-77. Copyright © New York Academy of Sciences 1984](DialoguesClinNeurosci-14-425-g001){#DialoguesClinNeurosci-14-425-g001}

The temporal performance is also closely related to the task used to collect the duration judgments. For example, steady-state changes in the pacemaker rate will have no effects on the accuracy of duration judgments in a reproduction task. In this task, subjects have to evaluate and reproduce a target duration by comparing time passing during the evaluation phase with that elapsing during the reproduction phase. Both periods of time are typically coded by the same internal pacemaker pulsing at the same rate in the two phases of the task. In contrast, changes in the speed of the internal clock will be revealed in time estimation tasks requiring a translation between experienced duration and conventional time units, such as the production task (eg, press this button after what seems like 5 seconds to you) or the verbal estimation task (eg, how long have you been doing this task?).

The accuracy and variability of temporal judgments can also vary according to the conditions in which time estimation tasks are performed. Dual-task paradigms with time estimation and a concurrent task yield to shorter experienced durations.^[@ref7]-[@ref9]^ In these conditions, attention must be shared between processing temporal and non-temporal information, and fewer pulses are gated into the accumulator and transferred into the working memory store. Conversely, when participants can count for the stimulus duration, temporal judgments are generally accurate. The difference of temporal performance between these two conditions relies on the amount of attention allocated to time (ie, to the evaluation of duration).

Two indices of performances can be computed to assess accuracy and precision of temporal judgments. The first reflects the accuracy of temporal judgments and is computed by taking the ratio of the duration reproduced or produced to the target duration. The second is the coefficient of variation (CV), computed by taking the ratio of the standard deviation to the reproduction or production mean. This index represents the variability of temporal judgments of each participant, and allows evaluation of how consistent subjects are in their reproductions or productions of the same target duration.

Neuropsychological and neuroimaging studies have shown that many parts of the brain contribute to time estimation, the most commonly cited being the cerebellum, the right parietal cortex, the right prefrontal cortex, and the frontostriatal network.^[@ref10],[@ref41]^ Different neural systems are probably implicated, depending on the temporal task and the duration range used. On one hand, time estimation in the millisecond range is related to motor areas of the brain including basal ganglia, supplementary motor area, and cerebellum. Patients with cerebellar lesions are generally impaired in motor timing tasks for durations in the range of milliseconds.^[@ref12]-[@ref15]^ Patients with Parkinson\'s disease, who have damage to the basal ganglia, also exhibit impaired temporal discrimination in the millisecond time range.^[@ref16]^ On the other hand, time estimation in the second-to-minute range is related to the prefrontal and parietal cortices but also to a frontostriatal network, modulated by dopamine.^[@ref10],[@ref11]^ Patients with prefrontal lesions,^[@ref17],[@ref18]^ frontal lesions, or Parkinson\'s disease^[@ref19]-[@ref21]^ exhibit time estimation impairments for durations in the second-to-minute range. The activation of the vagus nerve, which stimulates the frontal lobe, also modulates time perception in patients with major depressive disorder.^[@ref22]^ However, it is not clear whether these brain areas are directly related to time estimation, or if they take part in attention, working memory, and decision-making processes involved in time estimation of durations in the second range.^[@ref10]-[@ref21]^ Impairments of time estimation in schizophrenic patients could result from a combined effect of a disturbed central timing mechanism supported by dopamine in the basal ganglia and cognitive deficits mediated by a prefrontal-thalamic-striatal network^[@ref23]^

Several studies suggest a predominant involvement of the right hemisphere in time estimation.^[@ref22]-[@ref24]^ Patients with right temporal lobe lesions are particularly affected in the estimation of durations in the second-to-minute range.^[@ref25]-[@ref28]^ Patients with lesions to the right prefrontal cortex also show time estimation deficits for the reproduction of long durations,^[@ref18]^ and neuroimaging investigations confirm the activation of the right prefrontal cortex in time estimation.^[@ref3],[@ref29]^ A specific dysfunction of the right putamen, right prefrontal cortex, and right thalamus underlie time estimation deficits in schizophrenia.^[@ref23]^ The right hemispheric specificity for timing seems to depend on the temporal task used. Explicit timing tasks, such as the reproduction task, activates the right frontostriatal network, whereas implicit timing tasks, in which the subjects have to predict the offset of a duration, activate the left parietal and premotor cortex as well as the cerebellum." Consequently, these studies underline that the brain structures and cognitive processes involved in time estimation may differ according to the paradigm used. In the last few years, a number of neuropsychological studies have been aimed at clarifying the relationships between time estimation and cognition by investigating time judgments in patients who present memory and attention dysfunctions following brain damage. In this article, we report on time estimation in the second range.

Time estimation: neuropsychological studies
===========================================

We conducted a series of neuropsychological studies using the same paradigm in an amnesic patient,^[@ref30]^ in epileptic patients with temporal lobe resections,^[@ref31]^ in traumatic brain injury (TBI) patients,^[@ref32]^ and in patients with Parkinson\'s disease.^[@ref33]^ Two time estimation tasks were used (duration reproduction task and production task), in two conditions (control counting and concurrent reading conditions), with the same three target durations (5, 14, and 38 seconds). In the control counting condition, the participants were told to count aloud for the stimulus duration, as regularly as possible and at the rate they preferred, throughout the encoding and the reproduction phases of the reproduction task and the production task. In the concurrent reading condition, subjects were told to read aloud digits throughout the encoding phase of the reproduction task and until they felt that the target duration was over in the production task.

Results will be described and discussed in the frame of other neuropsychological studies using a similar paradigm.

Time estimation in an amnesic patient
-------------------------------------

The well-known patient "HM" was the first amnesic patient who was investigated regarding his duration judgments,^[@ref34]^ and studies with other amnesic patients, or those with Korsakoff\'s syndrome, have led to the same findings.^[@ref35]-[@ref37]^ Our patient, "AC," was profoundly amnesic with an impairment of episodic memory, while semantic memory was relatively spared.^[@ref38]^

The performances of AC on the reproduction and production tasks revealed a clear dissociation. In the reproduction task, AC exhibited a consistent underestimation of the longer durations (14 s and 38 s), while he performed similarly to control subjects in the production for the same durations.

Considering the selectivity of AG\'s memory deficit due to his medial temporal lesions, the underestimations in the reproduction task could come from a failure in the retrieval of information from episodic memory.

Encoding temporal information (ie, time basis pulses) for the long durations would exceed the short-term memory capacity of AC. In contrast, duration productions were not impaired because representation of conventional units of time (eg, seconds) stored in a "reference memory" would be preserved in this patient. We propose that this "reference memory" could be assimilated to semantic memory, which stores general knowledge of the world, including time representation.

Time estimation in epileptic patients with right or left medial temporal resections
-----------------------------------------------------------------------------------

Several studies have suggested a predominant involvement of the right hemisphere in time estimation.^[@ref23],[@ref25],[@ref29]^

In our study, eighteen patients had undergone a right or left medial temporal lobe resection for the relief of medically intractable epilepsy.

The results showed no difference between the time reproductions of patients with right or left medial temporal lesions and those of normal controls, whereas patients with right medial temporal resections produced shorter durations than both those produced by left temporal patients and by normal controls.

Our previous study on AC showed impaired reproductions of durations exceeding short-term memory capacity.

Contrarily to the reproduction task, the production task requires associating a given duration with a representation of durations or knowledge of conventional units. We proposed that the impaired duration productions in patients with right medial temporal lobe resection could come from a distorted representation of these time units in long-term memory (ie, reference memory in the scalar theory).

More recently, an impairment of duration productions has been extended to the minute range and to both medial temporal hemispheres.^[@ref39]^ Patients with either left or right medial temporal lobe lesions overestimated durations of 1 to 8 minutes when they were asked to produce, them. According to the authors, the amount of attention allocated to time would have been poorer in patients with medial temporal lesions, leading to shorter subjective durations.

Time estimation following traumatic brain injury
------------------------------------------------

Time estimation deficits have been reported in patients with frontal lobe lesions in the production task, for durations in the second range.^[@ref19],[@ref37],[@ref40]^

We investigated temporal judgments of 15 patients with TBI.^[@ref32]^ All participants also performed different neuropsychological tests in order to assess memory (short-term, working, and verbal episodic memories), as well as a simple, reaction task to assess information-processing speed.

The results showed that duration reproductions and productions of the three target durations were not less accurate in patients than in control subjects, in either the concurrent condition or in the control condition. Conversely, duration judgments were more variable in patients than in control subjects, on both tasks and in both conditions. Patients also exhibited slower reaction time tasks and poorer memory scores than control subjects.

More recent studies have investigated time estimation in TBI patients, using the verbal estimation task for durations in the seconds range.^[@ref41],[@ref42]^ Although it is difficult to compare, results obtained in different time estimation tasks, it has been assumed that verbal estimation and production tasks may tap similar time perception mechanisms.^[@ref43]^

In the first study, patients in the early stages of recovery following TBI performed verbal time estimates for 10-to 60-second intervals.^[@ref41]^ The findings revealed no difference between time estimation in TBI and control subjects for durations less than 30 seconds, whereas TBI patients significantly underestimated the longer durations. The authors suggested that episodic memory dysfunction may account for the poorer accuracy of the TBI participants at durations that exceeded the time frame of working memory, a result that has also been found in other patients with long-term memory deficits.^[@ref30],[@ref34],[@ref37]^

In the second study, the same verbal time estimation task was proposed in the early phase of recovery from injury and 1 year later.^[@ref42]^ The results revealed that in the early phase of injury, patients underestimated the durations that exceed working memory, whereas at 12-month follow-up they exhibited normal time judgments despite a persistent episodic memory impairment. Moreover, in both phases of recovery, patients were not more variable than controls in their estimations. Measures of attention, speed processing, and executive functioning in TBI patients were still below these of normal controls at 1 year post-injury, but no significant correlations were found between the neuropsychological tests and time estimation accuracy. The authors suggested that patients could have relearned to accurately estimate time units during recovery, which is compatible with the hypothesis we proposed to explain the accurate duration productions in the amnesic patient AC.^[@ref30]^

Time estimation in patients with Parkinson\'s disease
-----------------------------------------------------

Parkinson\'s disease (PD) represents an excellent model to study the effects of dopaminergic dysfunctions on temporal judgments. Our patients performed like normal controls in the reproduction task, while they overproduced the short duration (5 s) and underproduced the long duration (38 s) in the production task: this temporal judgment bias, known as "the migration effect,"^[@ref20]^ was correlated with short-term memory scores. Thus, the influence of durations on each other would occur between the different trials within a session rather than between the representations of durations in long-term memory. We also used a finger- tapping task, which is assumed to be a direct measure of internal clock speed, and we found that PD patients who produced the longer durations were those with the slowest 1-second tempo. Therefore, we proposed that levodopa administration in PD patients would have counteracted the slower rate of the internal clock typically reported in nonmedicated patients, without restoring all of the memory functions. Several other recent studies have shown a similar migration effect in PD patients.^[@ref25],[@ref44],[@ref45]^

Time estimation in psychiatric patients
---------------------------------------

Patients with affective disorders have often been reported to exhibit impaired duration judgments.^[@ref46]-[@ref50]^ Depressive patients generally have the feeling of time passing slowly, and this feeling is correlated with the severity of depression. Conversely, manic patients have the feeling of time passing more quickly than it actually is.^[@ref49],[@ref50]^ In the duration production tasks, depressive patients are particularly impaired for the longer durations. This result is explained by the requirement of supplementary cognitive processes, in particular attention and memory, in time estimation in the second-to-minute range.^[@ref47]^ Time estimation impairments in depressive patients have also been associated with retardation. Indeed, depressive patients are known to show impaired executive functions as well as a slowing processing speed.^[@ref51],[@ref52]^ The assessment of productions of long durations (35 and 90 s) reveal that both depressed and manic patients overestimate time, with the manic group overestimating even more prominently.^[@ref48]^ The overestimation of time in manic patients (ie, shorter durations produced) appear compatible with the accelerated rate of mental events and agitation in these patients. Overestimation of time in depression is more difficult to explain. Although both groups of depressed and manic patients show greater retardation compared with controls, there were no significant correlations between retardation and time productions in none of both groups. Thus, impaired productions in patients with affective disorders could be due to memory deficits. In the reproduction of durations in the second range (1 s, 6 s, and 37 s), which is supposed to involve memory, manic patients underestimate the long duration and depressive patients overestimate the short duration.^[@ref49]^ A recent study has shown a similar pattern of impaired reproductions in depressed and manic patients related to severity of illness.^[@ref50]^ Additional measurement of short-term and longterm memory would be necessary to better understand the relationships between time estimation and memory in patients with affective disorders.

A time estimation deficit in patients with schizophrenia is also often reported.^[@ref53]-[@ref55],[@ref57]^ Also, schizophrenic patients exhibit attention and memory dysfunctions as well as metabolic alterations, including in the dopaminergic systems.^[@ref56]^ The results show a tendency for patients with schizophrenia to overestimate time and to be less accurate in time estimation tasks than controls.^[@ref53]^ Results have been interpreted as a deficit in a specific timing process. However, most of these studies used other time estimation paradigms than the production and reproduction tasks, as well as short time intervals.^[@ref54],[@ref57]^ Some authors investigated time productions in patients with schizophrenia and manipulated the amount of attention allocated to time.^[@ref55]^ The results showed that the negative effect of the dual task paradigm on the accuracy of time productions was higher for the schizophrenic patients than for the controls. Thus, the authors explained the altered temporal judgments in schizophrenia by working memory deficits. In a reproduction task, schizophrenic patients have been shown to be less accurate than controls and to overestimate time.^[@ref53]^ According to the authors, these results suggest that attention and memory, which are impaired in schizophrenic patients and involved in the reproduction task, are confounding factors in schizophrenia. Moreover, dopamine dysregulation is involved in both schizophrenia and cognition.

Further studies are necessary to clarify how time estimation impairments in psychiatric patients are related to biochemical changes and to cognitive deficits.

Discussion
==========

Our work is the first to compare time judgments obtained in several groups of patients with different neurological disorders using the same time estimation paradigm (ie, reproduction and production of three time durations in seconds). We can deduct from this the memory systems and the brain structures involved in each time estimation task *(Table I).*

###### The involvement of the memory systems and the associated brain structures in the reproduction and production of short (5 seconds) and long durations (14 and 38 seconds).

                          **Time estimation tasks**         
  ----------------------- --------------------------------- ---------------------------------------------------------------------------
  Duration                **Reproduction**                  **Production**
  **5 seconds**           Short-term memory                 Short-term memory
                          Working memory                    Working memory
                          Attention                         Attention
                          Frontal structures                Frontal structures
                          delay                             Comparison with a representation of time in semantic or procedural memory
  **14 and 38 seconds**   Retrieval in episodic memory      
                          Bilateral medial temporal lobes   Right medial temporal and/or subcortical structures

Short-term memory
-----------------

Short-term and working memory would be involved in both reproductions and productions of durations in the second range. The accurate reproduction of short durations by the amnesic patients is due to the fact that short-term memory is preserved. Inversely, TBI and PD patients, who generally show working memory deficits, made respectively more variable duration reproductions and productions, and inaccurate productions. The frontal lobe would be necessary to maintain attention during the trial while accumulating temporal information in working memory.

Long-term memory
----------------

This would be differently involved in the productions and reproductions of durations in the second range.

In the reproduction task, episodic memory would be necessary to reproduce durations exceeding 10 to 15 seconds. The delay introduced between the encoding and the reproduction phases would require a retrieval of information from long-term memory when the target durations exceed the short-term memory span. In AC, the underestimation of long durations reflects a defective retrieval of information in episodic memory consecutive to bilateral medial temporal lesions.

A long-term memory system would also be required in the production task. When subjects have to produce a target duration given in conventional units of time, they must compare the content of time units accumulated and stored in working memory with a representation of time stored in a "reference memory."^[@ref5]^ Since the amnesic patient was able to produce durations as normal controls, we propose that this reference memory could be a semantic memory, which is preserved in AC. The representation of time would be stored with the general knowledge of the world in semantic memory. We would know what a second signifies, just as we know who is the president of the United States. Semantic memory involved in the production task would depend on the right medial temporal lobe, since epileptic patients are impaired in the production of durations. This explanation is consistent with recent studies which support the involvement of the medial temporal lobe in both episodic and semantic memory.^[@ref58]^

Alternatively, since PD patients exhibit impaired duration productions, we can deduct from this that "reference memory" corresponds to procedural memory, which is generally altered in these patients.^[@ref45]^ Thus, the representation of time would result in the past experience of time judgment in daily life. We would know what a second signifies, just as we know how to cook. The procedural memory necessary for the production task would thus depend on subcortical structures.

Attention and executive functions also seem to play an important role in duration reproduction and production tasks.

Further neuropsychological studies, combining neurological and psychiatric disorders, using the same time estimation tasks for the same duration range, will contribute to a better understanding of the complex interactions between cognition and time estimation.
